ABSTRACT DNA-dependent RNA polymerases were solubilized from nuclei of cauliflower inflorescences and purified by agarose A-1.5m, DEAEceflulose, DEAE-Sephadex, and phosphoceluolose chromatography and sucrose density gradient centrfugation. RNA polymenrses I + m were separated from H by DEAE-cellulose chromatography. Subsequent chromatography on DEAE-Sephadex resolved RNA polymerase I from III. RNA polymenrses I and II were further purified to bigb specific activity by phosphocellulose chromatography and sucrose density gradient centrHifugation. RNA polymerase I was refractory to a-amanitin at 2 mg/mn. RNA polymenrse II was 50% inhibited at 0.05 Fg/ml, and RNA polymerase II was 50% inhibited at 1 to 2 mg/ml of a-amanitin.
Eukaryotes possess multiple forms of DNA-dependent RNA polymerase which transcribe specific DNA cistrons (3, 4, 10) .
The major forms of eukaryotic nuclear RNA polymerases can be grouped into three species which are referred to as either I or A, II or B, and III or C (3, 4, 10) . RNA polymerase I is localized within the nucleolus (11, 13, 18) , transcribes ribosomal DNA cistrons (9, 17) , and is refractory to the fungal toxin, a-amanitin (11, 14) . RNA polymerase II is localized within the nucleoplasm (11, 18) , synthesizes heterogeneous and presumably messenger RNA (28) , and is inhibited by 10-8 to 10-9 Mi a-amanitin (11, 14) . RNA polymerase III is localized in the nucleoplasm (18, 20) and possibly the cytoplasm (2, 20, 21, 24, 26) , synthesizes ribosomal 5S and transfer RNAs (25) , and is inhibited by 10-3 to 10-4 M a-amanitin in higher animals (2, 20, 21, 24, 26) , but is refractory to the fungal toxin in lower eukaryotes (1, 23, 27) .
Most of the studies on eukaryotic RNA polymerases have been conducted with either animals or lower eukaryotes such as yeast, while studies on higher plants have been limited (3) . Plants are known to possess two major forms of RNA polymerase, I and II, and a third form has been described in rye embryos (6) . Here, we describe the separation and purification of multiple forms of nuclear RNA polymerases from cauliflower. Cauliflower inflorescences offer a rich source of RNA polymerases (7, 19) . The fractionation of three species of RNA polymerase from cauliflower which have properties similar to RNA polymerases I, II, and III described in animals has been achieved in this work.
Although the characteristics of the plant enzymes are in general similar to the animal RNA polymerases, a 10-to 100-fold ' greater concentration of a-amanitin is required to inhibit cauliflower RNA polymerase III than is required to inhibit the animal form III enzyme (20, 23) . The aminosalicylate and 1% (w/v) triisopropanolnaphthalenesulfonic acid, extraction with chloroform and phenol, and digestion with ribonuclease and pronase as described (12) . Final purification was achieved by banding the DNA on 25 ml CsCl (initial density 1.70 g/cm3) equilibrium density gradients. The gradients were formed by centrifugation at 35,000 rpm at 20 C for 60 hr in a Spinco type 60 rotor. The CsCl purified DNA was dialyzed against 1 x SSC containing 0.1 mm EDTA, precipitated with 2 volumes of ethanol, and dissolved (1 mg/ml) in 0.05 M NaCl, 0.05 M tris (pH 8), and 0.1 mm EDTA (buffer C).
ISOLATION OF CAULIFLOWER MOSAIC VIRUS DNA
Cauliflower mosaic virus was isolated from infected mustard leaves by the method described by Sheperd et al. (22) . Cauliflower mosaic virus DNA was isolated from the purified virus as described (22) (Fig. la) . Nearly 50% of the protein loaded onto the column elutes in several turbid fractions with the void volume in front of the RNA polymerase peak. The RNA polymerase activity recovered from the agarose column is about 50% inhibited at 1 jig/ml of a-amanitin.
Following agarose gel filtration, the RNA polymerase is fractionated on a DEAE-cellulose column into two discrete peaks of RNA polymerase activity (Fig. lb) (Fig. ld) . In animal systems, the RNA polymerase I peak from DEAE-cellulose has been reported to resolve into RNA polymerases I and III on DEAE-Sephadex (2, 21, 23, 24) . These two enzymes can be distinguished by the inhibition of RNA polymerase III at 10-3 to 10-4 M a-amanitin while RNA polymerase I is refractory to the toxin (2, 21, 23) . Figure 2 shows the a-amanitin sensitivities of the three different cauliflower RNA polymerase fractions obtained by DEAESephadex chromatography. The cauliflower enzymes like the animal enzymes are identified as RNA polymerases I, II, and III which refers to their sequence of elution from DEAE-Sephadex. RNA polymerase I is refractory to a-amanitin even at toxin concentrations of 2 mg/ml; RNA polymerase II is 50% inhibited by a-amanitin at 0.05 ,g/ml; RNA polymerase III is 50% inhibited at 1 to 2 mg/ml. Thus RNA polymerases I and II have sensitivities to a-amanitin similar to the animal enzymes; RNA polymerase III from cauliflower requires a 10-to 100-fold greater concentration of the toxin than is required for a similar inhibition in animals.
RNA polymerases I and II from DEAE-Sephadex were further purified by chromatography on phosphocellulose. Peak I from DEAE-Sephadex is resolved into two peaks on phosphocellulose which elute, respectively, at 0.18 and 0.23 M ammonium sulfate (Fig. le) . The first peak is referred to as RNA polymerase Ia and the second peak as RNA polymerase lb. When assayed in the presence of denatured cauliflower DNA or a completely denatured template such as poly(dC), both peaks are observed on phosphocellulose; however, if the column fractions are assayed in the presence of native cauliflower DNA or a native template such as poly(dAT) only peak lb is observed. Thus native templates are transcribed very poorly if at all by RNA polymerase Ia while RNA polymerase lb transcribes both native and denatured templates. RNA polymerase II chromatographs as a single peak on phosphocellulose. eluting at 0.12 M ammonium sulfate (Fig. If) .
RNA polymerases lb and II were purified further by sucrose density gradient centrifugation in the presence of high salt (0.25 M ammonium sulfate). A summary of the purification of the cauliflower enzymes is presented in Table I . The specific activities of the sucrose-purified cauliflower enzymes are comparable to those described for other highly purified eukaryotic RNA polymerases (3, 4, 27) . The putative polypeptide subunit composition of purified RNA polymerases lb and II on acrylamide gel electrophoresis under denaturing conditions are shown in Figure 3 Table I . Summary of Purification of Cauliflower RNA Polymerases Data represent the purification and yields of RNA polymerases isolated from 5 kg of cauliflower inflorescences. Cauliflower nuclei were isolated and RNA polymerases were solubilized as described under "Materials and Methods." Crude soluble activity is that activity solubilized from the nuclei prior to fractionation on agarose. Units of activity are nmol 3H-UMP incorporated into RNA/mg protein 30 min at 28 C.
Prior to chromatographic separation, RNA polymerases I + III were distinguished from II by the latter's sensitivity to a-amanitin (1 ,ug/ml ever, putative RNA polymerase subunits. In the case of RNA polymerase lb, several of the subunits are similar in mol wt to soybean RNA polymerase 1 (8) and animal RNA polymerase I enzymes (3, 4) . The electrophoretic gel pattern of RNA polymerase lb under denaturing conditions indicates that RNA polymerase lb may be contaminated by RNA polymerase Ia and may represent two forms of the enzyme which differ only in the mol wt of their largest subunit. RNA polymerase I subunits a and b added together are at a molar ratio equal to subunit c. In addition, on gels electrophoresed under nondenaturing conditions the purified RNA polymerase lb migrates as two very closely running bands. In the case of RNA polymerase II, the putative subunit pattern is strikingly similar to the nuclear form of the enzyme purified from soybean and differs from the cytoplasmic form of the enzyme purified from soybean only in respect to the largest subunit (Guilfoyle and (Fig. 4 a to c) . RNA (2, 21, 23, 24) . RNA polymerase III activity is typically much less than either RNA polymerase I or II activity and has thus proved difficult to detect in a single chromatographic procedure (20, 26) . When DEAE-cellulose is used, RNA polymerase III usually co-elutes with RNA polymerase I whereas with DEAESephadex the form III enzyme is obscured by the RNA polymerase II peak (2, 23) . However, by combining these two chromatographic steps RNA polymerase II is first separated from I and III by DEAE-cellulose while rechromatography of peak I on DEAE-Sephadex completely separates RNA polymerase I from (2, 21, 23, 24) ; however, the enzyme from cauliflower is 10-to 100-fold less sensitive to a-amanitin than higher animal RNA polymerase III enzymes (2, 21, 23, 24) . While RNA polymerase III from higher animals (i.e., vertebrates) is inhibited 50% by 20 to 200 ,ug/ml of a-amanitin, the enzymes from Bombyx mori (23) and lower eukaryotes (i.e. yeast) (1, 27) are refractory to the fungal toxin.
Unlike some of the animal RNA polymerase enzymes (3, 4, 10) , the cauliflower RNA polymerases are not easily distinguished by either divalent cation preference or ionic strength optima. The cauliflower enzymes are somewhat similar to animal RNA polymerases in template preferences; i.e., RNA polymerase II shows a stronger preference for denatured DNA than either form I or III (3, 10) and RNA polymerase I shows a very strong preference for poly(dC) (8) . However unlike animal RNA polymerase III (20, 23) , cauliflower RNA polymerase III is not easily distinguished from cauliflower form I and II by using a poly(dA:T) template.
